Abstract. The paper presents measurements of complex harmonic current of two modern wind turbines. The complex current has been obtained with a 5 Hz resolution up to 2.8 kHz.
Introduction
Wind turbines equipped with power electronics emitting harmonic distortion has been studied in a lot of publications [1, 2, 3] .
Theoretical study has been performed on the harmonic current in the complex plane in a number of publications [4, 5] . The complex harmonics show a certain distribution in the complex plane.
Study based on measurements has been performed on lowfrequency and a high-frequency harmonics, in which it is concluded that low frequency phase-angle presents a narrow normal-type distribution and high frequency phaseangle a uniform distribution [6] . This paper will study the distribution of the complex current (with 5 Hz resolution in frequency) up to 2.8 kHz. The characteristics of each harmonic and interharmonic will be studied according to measurements of two individual wind turbines. The distribution of the complex current has been assessed in a quantitative way. Section 2 presents the setup of the measurements and information about the measurement objective; Section 3 presents the measurements with the complex current, as well as the quantification of phase-angle distribution; and the conclusion is summarized in Section 4.
Measurement from Two Wind Turbines

A. Measurement Objective
The two measured individual wind turbines, which are from different manufacturers, have been measured at the medium voltage (MV) side of the turbine transformers:
• Turbine A: it is a type-3 wind turbine with a rated-power 2.5 MW. It is equipped with a sixpole doubly-fed asynchronous generator (DFIG). A partial rated converter with IGBT technology is applied in the wind turbine. The turbine transformer is placed beside the turbine tower. The measurement point (MV) is with a rated voltage 22 kV and a rated current 66 A.
• Turbine B: this is a type-4 wind turbine, with a rated power of 2 MW. The full-power converter is with IGBT technology, which fed the power into the grid through a turbine transformer. The measurement point (MV) is with a rated voltage 10 kV and a rated current 116 A.
B. Measurement Approach
The three-phase waveforms have been recorded by the instrument Dranetz PX5 using the conventional voltage and current transformers, with a sufficient accuracy for the frequency range up to a few kHz [7, 8] .
The waveforms were captured with 200-ms windows with a sampling frequency of 12.8 kHz. The Discrete Fourier Transform (DFT) has been applied using a rectangular window of 10-cycles. It results in a spectrum with a 5 Hz frequency resolution. An extra test has been done with a rectangular window of 8 cycles, to exclude the error by the DFT. The results are the same as those from using the 10-cycle waveform.
Complex Harmonic current
A. Low-order Complex Harmonic
Turbine A has been continuously measured during 11 days, with a 200-ms waveform recorded every 10 minutes. There are 1587 waveforms recorded and processed by FFT, with the same number of scatter points in complex plane for each frequency (with 5-Hz resolution). Fig. 1 shows the complex current for a number of lower order harmonics of Turbine A.
Fig. 1. Plots of complex current of Turbine A at low order harmonics.
The blue dots represent the complex current when the wind turbine is idle and supplied by the grid; while the red dots represent the complex emission when the wind turbine is generating power into the grid.
The complex harmonics (at low order integer harmonics) shown in the above figure are distributed around a center point, which is not the origin of the complex plane.
Harmonics are different from order to order, by the shape of the distribution.
Turbine B has been measured with a duration of 13 days, where 1864 scatter points (complex current obtained from waveforms) are recorded in the complex plane. The complex currents are plotted as in Fig. 2 .
Fig. 2. Complex harmonic current of Turbine B at lower orders.
The above figure holds the same trend as Turbine A that, low-order integer harmonics are distributed around a center point which is not the origin of the complex plane.
B. High-order Complex Harmonics and interharmonics
A number of interharmonics and high order harmonics of Turbine A and Turbine B are shown in Error! Reference source not found. and Fig. 4 . 
C. Distribution of the phase angle
A chi-square goodness-of-fit test has been used to test the distribution of the phase-angles of the complex current, up to the frequency 2.8 kHz. The test is based on the Matlab function chi2gof, with a 95 percent significance level. Only the complex currents at the positive power production have been chosen in the test. The results of the distribution type test for Turbine A and Turbine B are shown in Fig. 5 and Fig. 6 , respectively. The red dots represent the uniformly distribution of the phase-angle at the certain frequency. Whereas the blue stars represent the non-uniform distribution for the phaseangles.
The red dots represent frequency components for which the chi-square test indicated at least 95% confidence for a uniform distribution of the phase angle. The blue starts indicate frequencies where such a high confidence could not be reached. This may be due to lack of measurement points or because the distribution simply is not uniform. For simplicity, those will be referred to as "non-uniform distribution".
The common observations from the both two turbines are that: the non-uniform distribution is mainly at the low frequencies, especially for the integer harmonics; the uniform distribution is mainly at the interharmonics and high-order harmonics.
Conclusion
This paper presents measurements of complex harmonic current from two types of wind turbines. FFT has been applied to obtain spectra with 5-Hz resolution during a period of a few weeks.
The scatter plots of the complex harmonic current at integer harmonics and interharmonics have been presented. Characteristics are different for harmonics and interharmonics, low orders and high orders. Low-order harmonics present a non-uniform distribution of the phase angle; while interharmonics and high-order harmonics present a uniform distribution. At the uniform distribution orders, phase-angles of the frequency component are randomly distributed in the complex plane.
With the non-uniform and uniform distributions of different frequency components, the representation of the distortion will be impacted in a long-term assessment of wind turbine distortion and distortion with in a wind park with a number of wind turbines. The harmonic/interharmonic components with a uniform phase-angle will cancel each other more than these with non-uniform distributed phase-angles.
Further study is needed to quantify the effect of the cancellation at each harmonic order, and the final harmonic/interharmonic level in a wind park as a whole.
